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Abstract 
Thermal barrier coatings (TBCs) are mostly applied to hot components of advanced turbine engines to insulate the compo-
nents from hot gas. The effect of sintering on thermal conductivity and thermal barrier effects of conventional plasma sprayed 
and nanostructured yttria stabilized zirconia (YSZ) thermal barrier coatings (TBCs) are investigated. Remarkable increase in 
thermal conductivity occurs to both typical coatings after heat treatment. The change of porosity is just the opposite. The grain 
size of the nanostructured zirconia coating increases more drastically with annealing time compared to that of the conventional 
plasma sprayed coating, which indicates that coating sintering makes more contributions to the thermal conductivity of the 
nanostructured coating than that of the conventional coating. Thermal barrier effect tests using temperature difference technique 
are performed on both coatings. The thermal barrier effects decrease with the increase of thermal conductivity after heat treat-
ment and the decline seems more drastic in low thermal conductivity range. The decline in thermal barrier effects is about 80 °C 
for nanostructured coating after 100 h heat treatment, while the conventional coating reduces by less than 60 °C compared to the 
as-sprayed coating. 
Keywords: thermal barrier coatings (TBCs); sintering; thermal conductivity; thermal insulation; laser flash method 
1. Introduction1 
Thermal barrier coatings (TBCs) made of low- 
thermal conductivity ceramics have been used to pro-
vide thermal insulation for metallic components from 
hot gas stream in gas-turbine engines in the past dec-
ades [1-7]. Yttria stabilized zirconia (YSZ) TBCs can 
effectively reduce the operation temperature and hence 
increase the durability of the underlying components. 
Data of the thermo-physical properties, especially 
thermal conductivities of TBCs are extremely impor-
tant since temperature drop across the TBC coated 
components is controlled by the thermal conductivity 
and operation temperature [8-11]. Thermal barrier effects 
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are another crucial indicator to evaluate the service 
performance of thermal barrier coatings. They not only 
determine the operation temperature of the coating 
system but also affect thermal stress during thermal 
cycle loading. Therefore, experimental tests and simu-
lation to evaluate thermal barrier effects of TBCs are 
significant for laboratory research and practical appli-
cations [12-14]. 
Nanostructured coatings offer the potential for sig-
nificant advances in the performance of thermal insula-
tion based on improvements in physical and mechani-
cal properties resulting from reducing the grain size 
when compared to conventional coatings [15]. The cur-
rent problem of nanostructured coatings may be coars-
ening of the nanoparticles and sintering due to the high 
surface area if these coatings are exposed to the most 
severe thermal conditions [16]. In the past, extensive 
research has focused on sintering of thermal barrier 
coatings, especially the comparison between conven-
tional plasma sprayed and nanostructured YSZ thermal 
barrier coatings with general qualitative analysis. 
Open access under CC BY-NC-ND license.
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However, there has been only very limited research 
into the effects of sintering of both coatings in the per-
spective of systematic data analysis which may provide 
more effective data for practical application. The pur-
pose of this work is to study the effect of sintering be-
havior of the two kinds of coatings with the detailed 
data of the porosity, thermal conductivity and thermal 
barrier effects to provide quantitative analysis. 
2. Experimental Procedures 
2.1. Sample preparation 
Disk-shaped (R 12.7 mm×3 mm) and tube-shaped 
(R 5 mm inside, R  10 mm outside, 13 mm long) 
specimens made of Ni-based superalloy were both used 
as the substrates. Ni-20Co-22Cr-10Al-1Y powder 
feedstock was chosen as spraying materials for the 
bond coat and was sprayed to ~150 m thickness by 
plasma spraying. The nanostructured YSZ powder with 
grain size of 20-35 nm was sprayed based on the stan-
dard parameters by Metco 7M atmospheric plasma 
spray equipment with 9 MB spray gun and METCO 
4MP-DUAL type feedstock system. The size distribu-
tion of the agglomerated nano-sized particles was 
45-60 mm. The topcoat was sprayed to ~500 m 
thickness. For comparison, traditional YSZ topcoat 
was sprayed to almost the same thickness based on the 
standard parameters from 204 NS powder feedstock by 
Sulzer Metco. It is important to point out that for the 
evaluation of the two kinds of coatings, both YSZ 
powders were sprayed with standard plasma spray 
equipment and standard conditions which suggests that 
no special torch nozzles, injectors or powder feeders 
were employed.  
2.2. Heat treatment 
A heat treatment was performed on both types of 
coatings to determine the effect of temperature on the 
microstructure, thermal conductivity and thermal bar-
rier effects. Samples for tests were divided into three 
groups, denoted as as-sprayed, annealing for 10 h and 
100 h at 1 100 °C, respectively. All the heat treatments 
were carried out in a SRJX-8-13 box furnace. The ce-
ramic topcoat parts were removed from the substrate 
by chemical etching for the measurement of 
thermo-physical properties. 
2.3. Microstructure characterization 
The cross-sectional morphologies of the coatings 
were investigated by a CamScan 3400 scanning elec-
tron microscopy (SEM). Also porosities in the 
free-standing coating specimens were determined by 
using image analysis (Image Tool software), the zones 
of the pores and voids of both kinds of coatings were 
manually selected and their percentage in area in each 
picture was determined. 
2.4. Thermal conductivity measurement 
The values of the thermal diffusivity of as-sprayed 
and heat-treated coatings were determined by the laser 
flash method (LFA427, NETZSCH). Specific heat 
measurements of the coatings were carried out with 
DSC (STA449C, NETZSCH). The densities of sam-
ples were determined by Archimedes technique. The 
thermal conductivity of the coatings was then calcu-
lated using 
k=$#Cp=               (1) 
where k is the thermal conductivity, $ the thermal dif-
fusivity, Cp  the specific heat and = the density of the 
coatings. 
2.5. Thermal insulation evaluation 
Thermal barrier effects of the samples were evalu-
ated by a self-developed device which simulated the 
working conditions of gas turbine engine blades. This 
rig was made with temperature difference technique, as 
shown in Fig. 1. There is a temperature difference 
(T1) between the ceramic coating area near the hot 
gas and the substrate area near the cooling air, while 
the ceramic layer and substrate have their own tem-
perature drops T2 and T3, respectively. The tem-
perature difference between two sides of ceramic layer 
(T2) referred to thermal barrier effects. 
 
Fig. 1  Schematic illustration of temperature difference 
technique. 
Tube-shaped specimens were used in the measure-
ment in order to exclude uncertain factors under plate 
boundary conditions. Thermocouple 1 was fixed inside 
the electrical heater to monitor the furnace temperature. 
Thermocouple 2 and Thermocouple 3 were fixed in the 
surface of the ceramic coating and the axis-hole of 
substrate, respectively. The measured data were re-
corded by computer for real-time. During measuring 
process the axial area of the sample was cooled by ni-
trogen air with different flowing rates. The temperature 
difference of the substrate with coatings T1 was cal-
culated using 
T1=T2T3                       (2) 
After the measurement of the coated sample, an un-
coated substrate with the same thickness was tested. 
Thermocouple 2 was fixed on the surface of the sub-
strate, whilst Thermocouple 3 was fixed in the 
axis-hole of the substrate. The temperature difference 
T3 of the uncoated substrate was calculated using 
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T3=T2T3                  (3) 
The thermal barrier effects of the ceramic coatings T2 
were then determined using 
 T2=T1T3                            (4) 
3. Results and Discussion 
3.1. Microstructure observation 
Figures 2(a)-(c) show cross-sectional images of the 
as-sprayed, 1 100 °C for 10 h heat treated and 1 100 °C 
for 100 h heat treated conventional plasma sprayed 
coatings, respectively. A large number of microcracks 
and finer grains can be observed at the splat boundaries 
in the PS coatings, especially in the as-sprayed. Pores 
and microcracks became less and smaller after heat 
treatment, which compacted the ceramic layer. 
 
Fig. 2  Cross-sectional images of (a) the as-sprayed, (b)    
1 100 °C for 10 h heat-treated, and (c) 1 100 °C for 
100 h heat-treated conventional plasma sprayed 
coating. 
Figures 3(a)-(b) show facture surface morphologies 
of the as-sprayed and 1 100 °C for 100 h annealed 
conventional coating, respectively. The as-sprayed 
coating typically consisted of cracks, voids and splat 
interfaces, while the shapes of the cracks and voids 
became smooth and splat interfaces disappeared after 
sintering. Figures 4(a)-(c) exhibit the cross-sectional 
images of the as-sprayed, 1 100 °C for 10 h heat- 
treated and 1 100 °C for 100 h heat-treated nanostruc-
tured coating, respectively. Microstructural observation 
indicated that the conventional coating changed more  
 
Fig. 3  Facture surface morphologies of (a) the as-sprayed, 
and (b) the 100 h heat-treated conventional plasma 
sprayed coating. 
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Fig. 4  Cross-sectional images of (a) the as-sprayed, (b) 1 
100 °C for 10 h heat-treated and (c) 1 100°C  for 
100 h heat-treated nanostructured coating. 
evidently than the nanostructured coating after heat 
treatment. In addition, the pores and voids of the 
nanostructured coating were still more than that of the 
conventional coating. 
3.2. Thermal conductivity 
Figure 5(a) shows the thermal conductivity results of 
the conventional plasma sprayed coatings with differ-
ent heat treatment time. The thermal conductivity value 
of as-sprayed coating is in a range of 0.88-1.1W/(m·K) 
and shows a decrease with increasing measurement 
temperature from 25 °C to 1 300 °C, and those of the 
coatings after heat treatment also show steady decrease 
from RT to 1 300 °C. 
The thermal conductivity of 1 100 °C for 10 h heat- 
treated coating was apparently higher than that of the 
as-sprayed and slightly lower than that of 1 100 °C for 
100 h heat-treated. The thermal conductivity of the 100 
h heat-treated coating was ~30
 higher compared to 
that of the as-sprayed, which was caused by coating 
sintering. Changes of coating structure due to sintering 
effect are irreversible, which results in a decrease of 
the thermal conductivity value during the heating-up 
period [17].  
The nanostructured coating reveals a lower thermal 
conductivity due to its high porosity. Figure 5(b) illus-
trates the thermal conductivity values of the nanos-
tructured coatings in different heat treatment states. 
The thermal conductivity value of the as-sprayed coat-
ing is in a range of 0.71-0.79 W/(m·K). The value 
shows a slight decrease in low temperature range and 
reaches the lowest when the temperature approaches  
1 000 °C, and then exhibits a little increase in higher 
temperature range (1 000-1 300 °C). 
The total increase in thermal conductivity was about 
61
 after 100 h heat treatment. The thermal conduc-
tivity of the nanostructured coating strongly depended 
on coating porosity which was significantly affected by 
heat treatment time. In view of this, the thermal con-
ductivity of the nanostructured coating changed more 
than that of the conventional coating with heat treat-
ment time.  
According to the foregoing results, remarkable in-
crease of the thermal conductivity occurred to both 
typical coatings after heat treatment due to the decrease 
of porosities induced by coating sintering. The Poros-
ities of both typical coatings were determined using 
SEM and image analysis software, as shown in    
Table 1. 
 
Fig. 5  Thermal conductivity vs temperature curves of coat-
ings (500 m) as a function of exposure time at    
1 100 °C in air. 
   Table 1  Porosities of both typical coatings     
% 
Material As-sprayed 10 h  100 h 
Conventional  13.42 11.54 9.27 
Nanostructured 19.65 16.56 12.73 
 
The porosities of both typical coatings drastically 
reduced after heat treatment. It is considerable that the 
pores essentially interrupt the heat flow because of the 
inefficient conduction through a void, even they are 
gas-filled [18]. Changes from as-coated to heat-treated 
state destroy the original microstructure, including 
closure of interlamellar pores and cracks, pore ag-
glomeration and growth, healing of intra-splat micro-
cracks and transformation of cracks into globular  
pores [17]. As a result, coating porosity controls the 
thermal conductivity of TBCs to some extent. Thus, it 
is the coating sintering that makes great contribution to 
the increase of thermal conductivity during heat treat-
ment.  
Another noticeable phenomenon is that coating sin-
tering makes less contribution to the thermal conduc-
tivity of the conventional coating than to that of the 
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nanostructured coating. This might be attributed to 
grain boundary effect, particularly when the grain size 
is of the same order as the mean free path for phonon 
scattering, although the effect of the grain boundaries 
is small in the conventional coating [19]. In fact, the 
grain size of the nanostructured coating increased and 
exceeded the order of the mean free path for phonon 
scattering with annealing time [20-21]. For this reason, 
the thermal conductivity value increases significantly 
with increasing grain size, i.e. variation of the thermal 
conductivity to some extent results from the change of 
grain size due to coating sintering. 
3.3. Thermal barrier effects 
Figure 6 shows the results of thermal barrier effects 
of the uncoated substrates with different surrounding 
temperatures at 1 100 °C. It could be seen from this 
figure that the temperature difference between inside 
and outside the tube-shaped sample was 21 °C, 60 °C 
and 80 °C when the flow rate of cooling air was 1 m3/h, 
2 m3/h and 3 m3/h, respectively, which indicates that 
the substrate does have thermal barrier capability with-
out thermal barrier coating. 
 
Fig. 6  Temperature difference vs flow rate of cooling air 
curves of uncoated substrates at 1 100 °C. 
The heat treatment has a significant effect on the 
thermal insulation of the thermal barrier coatings, as 
shown in Fig. 7(a). The thermal barrier effects of the 
as-sprayed conventional coating were in the level of 
177-230 °C, which is ~30 °C lower compared to that of 
the 10 h heat-treated coating. After 100 h heat treat-
ment, the thermal barrier effects decrease by about   
60 °C. 
The values of thermal barrier effects of the nanos-
tructured coating (450 m thick) are presented in Fig. 
7(b). In this case, the heat treatment also caused a con-
siderable decline in thermal barrier effects. Thermal 
barrier effects of the as-sprayed nanostructured coating 
were 203 °C, 233 °C and 242 °C when the flow rate of 
cooling air was 1 m3/h, 2 m3/h and 3m3/h, respectively. 
However, the thermal barrier effects changed to    
152 °C, 175 °C and 197 °C after 10 h heat treatment. 
The decline in thermal barrier effects after 100 h heat 
treatment was more evident (up to 80 °C).  
In contrast to the conventional coating, thermal bar-
rier effects of the nanostructured coating are more sen 
 
 
Fig. 7  Thermal barrier effects vs flow rate of cooling air 
curves of coatings with surrounding temperature of  
1 100 °C. 
sitive to heat treatment time owing to the influence of 
coating sintering. The nanostructured coating sinters 
more severely with heat treatment time, resulting in the 
decline of porosity and thermal barrier effects. Ac-
cording to the heat transfer theory, the thermal barrier 
effects in this situation were determined by [17] 
c c
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(5) 
where d is the ceramic coating thickness, hh the heat 
transfer coefficient of hot gas, hi the heat transfer coef-
ficient of cooling air, and 0c the thermal conductivity of 
the ceramic coating.  
The thermal barrier effects decreased with the in-
crease of thermal conductivity after heat treatment 
(seen in Section 3.2) and the decline seemed more 
drastic in low thermal conductivity range. For this rea-
son, the as-sprayed nanostructured coating has lower 
thermal conductivity due to its porosity which makes 
thermal barrier effects of the nanostructured coating 
reduce more drastically than that of the conventional 
coating. 
4. Conclusions 
1) The microstructures of both typical coatings 
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change significantly with heat treatment time due to 
coating sintering. Remarkable increases of the thermal 
conductivity occur to both typical coatings after heat 
treatment. The grain size of the nanostructured zirconia 
coating increases drastically with annealing time, 
which indicates that coating sintering makes more con-
tribution to the thermal conductivity of the nanostruc-
tured coating than that of the conventional coating. 
2) The thermal barrier effects decrease with the in-
crease of thermal conductivity after heat treatment and 
the decline seems more drastic in low thermal conduc-
tivity range. Thermal barrier effects of the nanostruc-
tured coating are more sensitive to heat treatment time 
than that of the conventional coating. The decline in 
thermal barrier effects of the nanostructured coating is 
about 80 °C after 100 h heat treatment, whilst that of 
the conventional coating reduces by less than 60 °C 
compared to the as-sprayed coating. 
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